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ABSTRACT
THE EFFECT OF TEMPERATURE ON THE FORMABILITY OF
COMMERCIALLY PURE TITANIUM FOIL

Alexander Nunnally, M.S.
Department of Mechanical Engineering
Northern Illinois University, 2017
Dr. Jenn-Terng Gau, Director
Recent focus in the manufacturing industry has been on micro-forming processes due to
the ability to miniaturize components whilst maintaining strength. In this study, the effect of
temperature on the formability of 38µm thick commercially pure titanium foil (CP-Ti) is
determined. Titanium possess low ductility due to its hexagonal close-packed (HCP) crystalline
structure and limited slipping systems. In Northern Illinois University’s engineering materials
lab, a series of micro limiting dome height (µLDH) tests were performed inside a MTS
environmental heat chamber at temperatures of 100°C, 200°C and 300°C. The diameter of the
punch used is 2mm and the sample sizes are 2mm, 3mm and 4mm. Analyzing the fractures using
ImageJ software enabled the construction of a forming limit diagram (FLD) at each temperature.
From this, a forming limit curve (FLC) was generated using the ASTM E2218-02 standard
(2008) for each FLD. Comparing the FLC’s low points and plane strain values reveals how the
formability of CP-Ti increases as temperature increases.
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Chapter 1. INTRODUCTION AND LITERATURE REVIEW
1.1 Introduction
In the recent decades, attention has been drawn towards micro forming due to its ability to
miniaturize manufacturing products and equipment to less than 100µm whilst maintaining
strength. During production at the macro scale, it is assumed that materials have a homogeneous
continuum and therefore can neglect certain material properties that, at the micro scale, requires
special consideration. Deformation on individual grains significantly impact the overall micro
forming process due to a phenomenon is called the size effect. To understand how this affects
the overall micro forming process, simulations and experimental tests are performed to
determine the impact of different variables on material formability. This study will focus on the
impact of temperature.

In the micro forming process, materials and equipment can be expensive to procure; however,
these costs are offset by high production rate and small material scrap rate. The final product also
typically has improved mechanical properties due to experiencing strain hardening (Razali &
Qin, 2013). With decreased tool size and weight – but not strength – production efficiency is
improved.

2

1.2 Applications of Commercially Pure Titanium
Commercially pure titanium has attracted special attention due to its biocompatibility, high
specific strength, lightweight and excellent corrosion resistance. The two industries that are
particularly interested in it are electronic and biomedical.

The electronic industry is capitalizing on titanium’s density of about 60% of steel but the similar
strength to stainless steel (Usuda, 2002). This has allowed electronics to become more
lightweight and compact. Some applications in this industry include contact springs, micro gears,
mobile phone components, etc.

In the biomedical industry, the attribute of biocompatibility and corrosion resistance is essential.
Other materials (stainless steels, cobalt alloys, titanium alloys) are currently being used but CPTi is considered to the be the leading biocompatible metal. This is due to titanium’s ability to
allow bone tissue growth to adhere to body implants longer than other materials. Some
applications in this industry include fabrication of artificial hip joints, tooth crowns, body
implants, etc. (Elias, Lima, Valiev, & Meyers, 2008)

To maximize the production of micro formed products, engineers must have a working
knowledge of the material properties that they are working with.

1.3 Forming Limit Diagram
A forming limit diagram (FLD) is a graphical measure of a sheet material’s limiting formability.
With this, engineers can predict the occurrence of a fracture more accurately and therefore will
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be able to improve product quality. Determining a FLD experimentally requires measurement
and analysis of grid deformation changes on test samples. The deformation may be caused by
bulging, tension, cupping and punching (Chen & Chiu, 2005). In this study, the method used is
punching; this is done using the micro limited dome height test (µLDH); as shown in Figure 1-1.

Figure 1-1 Basic LDH test setup (Zhang, 2015)

In 1965, Keeler determined that grid deformation changes plotted as major strain vs minor strain
produced a nearly uniform strain distribution on the right-hand side of the FLD (Keeler, 1965).
The left-hand side of the FLD was determined in 1968 by Goodwin; the deep drawing data was
added to the FLD, as shown in Figure 1-2.
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Figure 1-2 Goodwin and Keeler (Zhang, 2015)

1.4 Literature Review
The forming limit diagram can be generated for any material and is affected by many variables.
These variables are primarily divided into two categories: set up parameters (ex: strain rate,
binding force, lubrication and temperature) and material properties (ex: anisotropy coefficients,
strain hardening exponents, yield strength, etc.) (Meuleman, Siles, & Zoldak, 1985). The
formability effects of these variables have been explored by various institutions and researchers.
Zhang (2015) studied the effect of strain rate on the formability of CP-Ti foil. The author’s
findings were that using a smaller hemispherical punch improves accuracy and that the
formability of CP-Ti foil can be improved using high speed forming. Research pertaining to
binding force and frictional coefficient was conducted by Adamus (2009). It was found that
during the deep drawing process, decreasing the binding force and frictional coefficient would
improve material flow and result in enhanced drawability due to a more balanced strain
distribution. It was determined that the biggest impact on the reproducibility of the µLDH test is
large temperature changes and friction between the sample and punch. (Meuleman, Siles, &
Zoldak, 1985).
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In this study, temperature was gradually changed to determine the effect that it has on CP-Ti’s
formability. At room temperature CP-Ti exhibits strong plastic anisotropy with low ductility and
formability; thermal activation is required for these properties to increase. Chen & Chiu (2005)
performed experiments on 0.5mm CP-Ti using tensile, v-bend, circular cup drawing and dome
height tests at different temperatures. The author concluded that the plane strain deformation
mode was a little lower than that of stainless steel, but the overall FLD indicated that there is a
greater possibility of forming CP-Ti sheets at room temperature due to cost. In research
conducted by Zheng, Shimizu, & Yang (2015), the effect of temperature on the grain structure of
CP-Ti at 50µm was analyzed. It was found that tensile tests in temperatures up to 300ºC
experienced typical two stage deformation patterns: elastic period and work-hardening period.
However, the test at a temperature of 450ºC exhibited an additional stage of deformation due to
grain growth: elastic period, work hardening period and softening period. This is shown in
Figure 1-3. The authors concluded that the work hardening behavior increases with increasing
temperature.

Figure 1-3 True stress-true strain curves of CP-Ti foil with different grain sizes at 300ºC (left)
and 450ºC (right). (Zheng, Shimizu, & Yang, 2015)
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Studying materials with comparable HCP microstructure was Ricci et al (2009), who
investigated the effects of lubrication, temperature and sheet thickness on a Magnesium alloy
sheet. The forming limit curves that were found showed how lubrication increased formability
by approximately 10%. Increasing the thickness of the material from 0.6mm to 0.8mm increased
the formability by approximately 20% and changed the slope of the deep drawing curve.
Increasing the temperature from room temperature to 250ºC caused an increase in formability of
over 100%. The microstructure of the samples tested showed recrystallization at 250ºC to finer
grains. It was determined that all three variables positively affect the formability of the material.

Chapter 2. SPECIMEN PREPARATION
2.1 Material Information
The test material in this study is 38μm commercial pure grade 2 titanium foil. It was purchased
from Arnold Magnetic Technologies in Marengo, Illinois. The mechanical properties, chemical
composition and physical properties are shown in Table 1,
Table 2 and Table 3, respectively.
Table 1. Mechanical Properties of grade 2 CP-Ti
Young’s

Shear Modulus

Yield Strength

(GPa)

(GPa)

(MPa)

116

44

345

Poisson’s Ratio

Tensile Strength

Modulus
(MPa)

0.32

485

Table 2. Chemical Composition of grade 2 CP-Ti

Element

N

C

H

Fe

O

Ti

Percentage (%)

0.03

0.08

0.015

0.3

0.25

99.325

Table 3. Physical Properties of grade 2 CP-Ti
Density

Beta

Melting

Thermal

Magnetic

Electrical

(g/cm3)

Transus

Point

Conductivity

Permeability

Resistivity

8

4.48

(°C)

(°C)

(Wm-1k-1)

915

1668

2.179

(μΩ*m)

Non-magnetic

0.53

2.2 Grid Marking Process
In this study, the process to coat a circular micro grid pattern on the CP-Ti foil was done using an
optical lithography and etching process. Examples of the equipment used for these processes are
shown in Figure 2-1 and Figure 2-2, respectively. The parameters of the optical lithography
equipment are shown in Table 4.

Figure 2-1 Equipment used during lithography process (Zhang, 2015)
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Figure 2-2 Equipment used during etching process (Zhang, 2015)

Process

Parameters

Photoresist Process Bench

Photo resist: S1818
4000rpm, 30sec

Soft Bake

Heating: 85°C, 8min
Cooling: Air cool, 5min

Photoresist Exposure System

UV light strength: 15mW/cm2
Expose time: 20sec

Development

Developer: MF321
Develop time: 2.5min

Table 4 Optical Lithography Parameters (Zhang, 2015)

To optimize the coating process, the required 2” square shape foil must have pristine edge
quality and flatness. Any burrs, dints or imperfections weakens the adhesive force between the
coating and original material, resulting in the potential for the coating material to peel off during
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or after deformation. The grid marking process is outlined in Figure 2-3. For the purposes of this
study, the result is a 50μm micro circular grid pattern as shown in Figure 2-4.

Figure 2-3 Grid marking process by optical lithography and etching process (Zhang, 2015)

Figure 2-4 Micro circular grid pattern (Zhang, 2015)
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Figure 2-5 Before (left) and after (right) the grid marking process

2.3 Specimen Blanking
After being coated with the gold micro circular grid pattern, the 2” square shape was cut into
strips approximately ½” in width. As shown in Figure 2-6, the strips were then fed into the MTS
machine to be blanked in three different sizes: 2mm, 3mm and 4mm. The final results of the
blanking process are shown in Figure 2-7.
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Figure 2-6 Blanking set up with strip inserted

Figure 2-7 From left to right: 4mm, 3mm and 2mm specimens

Chapter 3. EXPERIMENTAL EQUIPMENT AND FIXTURE
In this study, tests were conducted at NIU’s precision forming lab on the electromechanical
machine called the MTS model 43. A punch and die setup was used. The study was performed
inside of an MTS environmental chamber. Figure 3-1 displays what the whole setup looks like
during a test.

Figure 3-1 MTS model 43 during a test

3.1 MTS Model 43
The MTS model 43 is controlled via handheld remote or with a computer program. By changing
the speed of the motor - with a microprocessor-based closed-loop servo system - the crosshead
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speed can be controlled. A 500 Newton load cell was used to read the force exerted. A water
cooling system prevented potentially harmful temperatures from reaching the load cell via
conduction through the extension rods. In its current setup, the maximum temperature used on
this environmental chamber is 300ºC due to machine and safety constraints. This setup is shown
in Figure 3-2.

Figure 3-2 MTS model 43 and environmental chamber

3.2 Environmental Chamber
The MTS environmental chamber is operated by a controller that allows the user to set an upper
limit, lower limit and goal temperature; this is shown in Figure 3-3. Once the goal is reached,
the temperature in the chamber holds steady until the user opens the chamber door or turns off
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the controller. To minimize heat loss from the chamber, insulating blocks are placed at the top
and bottom openings. A thermocouple is located in the chamber with close proximity to the
sample to accurately measure the experimental temperature. The chamber and thermocouple can
be seen in Figure 3-2.

Figure 3-3 Environmental chamber controller holding at 100°C

3.3 Punch and Die Fixture
The punch and die fixture consists of a punch that is screwed to the upper support of the fixture,
a die holder containing the sample that is screwed to the lower support and guide pins that
connect the upper and lower supports. This is shown in Figure 3-4.
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Figure 3-4 Punch and die fixture setup

Chapter 4. EXPERIMENTAL PROCEDURE
4.1 Performing MTS Test
Performing the μLDH tests require a standard setup procedure to ensure minimal variance and
eliminate disrupting factors. Below are the summarized steps for performing this test.

Step 1: Place the specimen inside the die holder at room temperature. Ensure the micro circular
grid is facing down so that the punch does not contact the grids during the experiment.
Step 2: Bolt the die holder to the lower support. The 4mm and 3mm samples are tighten so that
the binding force prevents any material flow inside the die. The 2mm samples are tighten
so that the binding force allows a small amount of slippage in the die for the deep
drawing tests. If too much slippage is allowed, the sample will overcome the frictional
force generated from binding and the entire sample will slide through the die.
Step 3: Insert fixture into the environmental chamber.
Step 4: Manually lower the upper support so that the guide pins are completely through the die
guide pin holes as shown in Figure 3-4.
Step 5: Insert all insulation to the environmental chamber; close and latch the door. On the
controller, set the desired temperature and wait for the chamber to heat up as shown in
Figure 3-1.
Step 6: Once the chamber reaches the desired temperature, zero the load value on the computer
and change the test speed to a compressive rate of 0.01 mm/s. Begin the test.
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Step 7: Monitor the crosshead-load curve on the computer. To get the crack as small as
possible, the test is stopped when the specimen passes its’ ultimate breaking point and
begins necking. A small crack makes it easier to find the originating crack area. An
example of an acceptable stopping point is shown in Figure 4-2.
Step 8: Once the test is finished, remove the sample from the die and allow all components to air
cool back to room temperature.

Repeat the process for approximately 6 samples of each specimen size for 100°C, 200°C and
300°C. From left to right, Figure 4-1 shows the specimen sizes as blanks, deformation after
100°C, deformation after 200°C and deformation after 300°C.

Figure 4-1 Before and after of each specimen size at 100°C, 200°C and 300°C (left to right)
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Figure 4-2 Crosshead load curve at the end of the test

Chapter 5. ANALYSIS PROCEDURE
5.1 Taking Pictures Using SEM
Upon test completion, the Scanning Electron Microscope (SEM) in the clean room at NIU was
used to take pictures of the initial crack. The pictures were taken at 250 times magnification. The
SEM has the capability to rotate its’ stage in the 3D axis, limiting any parallax errors that would
have underestimated or overestimated the actual size of the deformed grids. An example of
picture from the SEM is shown in Figure 5-1.

Figure 5-1 SEM picture of a crack
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5.2 Micro-grid Selection
To determine micro circular grids that are in the necking and safe regions of the sample, the
ASTM E2218-02 standard (2008) was used. Up to approximately twelve necking and twelve safe
deformed grids were selected and measured per crack. This ensured the location of the maximum
strain was captured.

Figure 5-2 4mm sample at 200°C

5.3 Analysis of Samples Using ImageJ Software
Developed at the National Institutes of Health, ImageJ is java based image processing program
that is available on the public domain.
In this study, an ellipse was drawn using ImageJ software on the SEM picture to fit inside a
deformed grid as best as possible. The software, ImageJ, then counts the number of pixels in the
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minor and major axis of the drawn ellipse. This process is shown in Figure 5-3. The major and
minor axis pixel measurements were compiled in an excel file to compute true strain values.

Figure 5-3 ImageJ software measuring major and minor axis of a deformed grid for Sample 3mm
100C #2A Lower – Safe #1
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Figure 5-4 ImageJ software measuring major and minor axis of a deformed grid for Sample 2mm
200C #6 Upper - Safe #6

Figure 5-5 ImageJ software measuring major and minor axis of deformed grid for Sample 4mm
100C #1 Lower - Necking #1
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5.4 Strain Computation
During the μLDH test, there is a change in both the cross-sectional area and gauge length of the
specimens. Due to this, true strain is the best option to use for this analysis. Engineering strain
does not account for a change in cross-sectional area or gauge length and therefore will not be
suitable. The value of engineering strain is given by:
Equation 1
𝜀𝑒𝑛𝑔 =

𝐿 − 𝐿𝑜
𝐿𝑜

To derive true strain, assume that the gauge length increases by a small amount during
deformation, ΔL. The strain increment is the extension per unit of current length. Equation 2
shows this.
Equation 2
𝛥𝜀 =

𝛥𝐿
𝐿

Adding the successive values of Δε, yields the definition of true strain, 𝜀𝑡 :
Equation 3
𝜀𝑡 = ∑ 𝛥𝜀 = ∑

𝛥𝐿
𝐿

By replacing the summation with an integral, the expression then becomes:
Equation 4
𝐿

𝑑𝐿
𝐿
= ln ( )
𝐿𝑜
𝐿𝑜 𝐿

𝜀𝑡 = ∫ 𝑑𝜀 = ∫
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Substituting Equation 1 into Equation 4 yields the equation that will be used for this study:
Equation 5
𝜀𝑡 = ln (1 +

𝐿 − 𝐿𝑜
)
𝐿𝑜

In this study, the minor and major axis of the deformed grids were measured and used to
compute the minor true strain and major true stain.

Chapter 6. EXPERIMENTAL RESULTS AND DISCUSSION
6.1 Procedure for Constructing FLC
After all the grids selected using the ASTM E2218-02 standard (2008) have been processed with
ImageJ software and have their true strains calculated, a minor true strain vs major true strain
scatter plot is generated. Data points are scattered in a wide band and will usually have the safe
and necking data points intersecting. To isolate the area of maximum strain, each sample needs
to be analyzed using the scatter plot and SEM pictures. Below are the evaluation procedure steps
for the construction of the Forming Limit Curve:
Step 1: Remove necking points that occur in the safe zone. This is because of tearing rather than
cracking by where these necking points are located. Similarly, some safe points are in the
necking region; this is due to localized necking. Perform this analysis for each sample.
Step 2: Combine all samples onto a scatter plot graph with major true strain on the y axis and
minor true strain on the x axis. Select proper necking and safe points to create the two
curves; one on either side of y axis.
Step 3: If there are no critical necking data points close to the major true strain axis, use the safe
data points in this location as the critical points for curve fitting.
Step 4: Generate the FLC’s as a polynomial equation with the best fit.
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6.2 Experimental Results
The forming limit curves found in this study are shown below. In these figures, the green circles
represent the safe points, the red triangles represent the necking points and the black lines are the
forming limit curves. Highlighted in yellow are the polynomial equations that represent the left
and right curve of the FLC.
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Figure 6-1 The FLD of 38µm CP-Ti foil at 100°C
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Figure 6-2 The FLD of 38µm CP-Ti foil at 200°C
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Figure 6-3 The FLD of 38µm CP-Ti foil at 300°C
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The strain limit of plane strain mode of the FLC is denoted by FLC0. This value is represented
by the constant term in the polynomial equation. Table 5 shows the FLC0 values determined
during this study.

Temperature

FLC0

100°C

0.1505

200°C

0.2132

300°C

0.2260

Table 5 Comparing FLC0 values at 100°C, 200°C and 300°C

6.3 Effect of Temperature
For this discussion section, the results found by Zhang (2015) performing µLDH test with a
2mm punch on 38µm CP-Ti at room temperature will be included.
Plotting all the FLCs on a single graph, we can see the increase in formability as temperature is
increased from room temperature (23°C) to 300°C. This is shown in Figure 6-4.
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Figure 6-4 The FLC of 38µm CP-Ti foil at 23°C, 100°C, 200°C and 300°C

Comparing the FLC0 and low point values of each temperature’s FLCs reveals the impact of
temperature on the formability of CP-Ti.
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Temperature

FLC0

% Change Compared to
Room Temperature

23°C

0.1172

100°C

0.1505

28.41%

200°C

0.2132

81.91%

300°C

0.2260

92.83%

Table 6 Comparing FLC0 values for 23°C, 100°C, 200°C and 300°C
Temperature

FLC Low Point

% Change Compared to
Room Temperature

23°C

0.1118

100°C

0.1400

24.89%

200°C

0.2022

80.78%

300°C

0.2182

95.09%

Table 7 Comparing FLC low point values for 23°C, 100°C, 200°C and 300°C

From the above tables and figures, it can be observed that the formability constantly increases as
temperature does. FLC’s at 23°C, 100°C and 200°C FLCs comparable in shape; however, the
300ºC FLC has a shallower slope. This can be seen in Figure 6-3 and Figure 6-4. Evidence
supporting the fact that this difference in FLC shape is not due to a random source of error is
seen in Figure 6-3; there are multiple necking points in the deep drawing mode that were used to
create the left-hand side of the FLC. In studies conducted by Zheng et al. (2015) and Ricci et al
(2009) determined that temperatures above 250°C experience recrystallization of the
microstructure that caused significant decreases yield stress and true strain. Evidence supporting
this is displayed in this study and can be seen in Figure 6-4. Additional testing at elevated
temperatures of greater than 300ºC is recommended for a complete understanding of formability
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of 38µm CP-Ti. This experimental testing was not including in the scope of this study because,
as discussed in Section 3.1, the current set up of the environmental chamber limits the ability to
test at temperatures above 300ºC.

Ultimately, the relationship between temperature and formability is that as the temperature
increases, so does the formability. This is due to the CP-Ti undergoing thermal activation.

6.4 Thermal Activation
During deformation, spontaneous rearrangement of the crystal lattice is caused by sufficient
energy being supplied to overcome an activation energy barrier. Ludwig Boltzmann deduced that
at any temperature, a certain number of molecules in a system will have enough energy to reach
the activation level, E*. Boltzmann’s statistical analysis results showed that the probability of
finding an atom or molecule with sufficient activation energy (E*) that is greater than the
average energy (E) at a particle temperature (T) is
Equation 6
𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝛼 𝑒

−

𝐸 ∗ −𝐸
𝑘𝑇

Where k = Boltzmann’s constant = 1.38 x 10-23 J/(atom)/(K).
When comparing this to the number of atoms or molecules with an energy greater than E* (n)
and the total number of atoms or molecules present in a system (Ntotal), the above equation is
written as
Equation 7
𝑛
𝑁𝑡𝑜𝑡𝑎𝑙

𝐸∗

= 𝐶𝑒 − 𝑘𝑇
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From these equations, it is evident that temperature and probability of an atom or molecule
having enough energy to dissociate are exponentially proportionate to each other. i.e. as
temperature increase, so does the number of atoms or molecules in a system that have sufficient
energy to pass the activation energy level. (Smith, 2004)

Chapter 7. CONCLUSION
In this study, quasi-static speed micro limited dome height tests were conducted inside of a
thermal chamber at 100°C, 200°C and 300°C. With the experiment parameters such as strain
rate, binding force, lubrication, and material properties remaining constant for all tests, the effect
of temperature can be determined. The samples used are made of commercially pure grade 2
titanium foil with a thickness of 38µm and have a width of 2mm, 3mm and 4mm. Forming
Limit Diagrams were created using ImageJ software to analyze grid deformation on the post-test
samples. Applying the ASTM E2218-02 standard (2008) to the FLDs enabled the creation of
forming limit curves at each temperature. As compared to room temperature results found by
Zhang (2015), the formability at 100°C, 200°C and 300°C increased by approximately 25%,
80% and 95%, respectively. It is determined that with increasing temperature, the formability of
commercially pure titanium foil is also increased.
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